Highly oriented, Bi-substituted Ca3Co4O9 (Ca2.7Bi0.3Co4O9) was processed by the rolling method and its thermoelectric properties were investigated. The electrical conductivity (σ), Seebeck coefficient (α), thermal conductivity (k) and ZT value at 870 K were 123.4 S/cm, 172.7 μV/K, 2.1 W/mK, and 0.152, respectively. The electrical conductivity was about 1.5 times higher than that of a conventionally sintered sample. This rolling process is a very powerful method to produce a plate-like particle orientation in a ceramic microstructure and will be useful in the mass production of thermoelectric elements in powder injection molding (PIM).
Introduction
Thermoelectric power generation involving the direct conversion of waste heat and thermal energy into electrical energy has been widely studied. The main efficiency issue in a thermoelectric power generator is obtaining materials with highly stable properties at high temperatures and performance, as evaluated by the figure of merit, Z, defined as S 2 /ρk, or ZT, where S, ρ, k and T are the thermoelectric power, electrical resistivity, thermal conductivity and temperature, respectively, and developing appropriate processing methods to improve the thermoelectric properties.
A significant amount of recent research has been directed at finding materials with improved thermoelectric performance and stability at high temperatures. For example, several systems for oxide thermoelectric materials have been investigated, such as NaxCoO2, Ca3Co4O9, NiO, (Zn1-xAlx)O, and (In2O3)m(ZnO)n. These materials were reported to have a layered structure comprising superlattices. Their thermoelectric properties, especially electrical conductivity, were known to differ in the in-and outplane directions of the single crystals. 1)-6) The compound Ca3Co4O9 was reported to exhibit high electrical conductivity and low thermal conductivity and to be formed in a layered structure consisting of CoO2 and Ca2CoO3. However, it was difficult to process textured Ca3Co4O9 by the conventional solid-state method and sintering.
7)-11) To prepare textured Ca3Co4O9 ceramics, other researchers reported various fabrication methods, such as combining the templated grain growth with hot pressing, the reactive templated grain growth and spark plasma sintering, to improve the thermoelectric properties. These studies demonstrated the much higher electrical conductivity of the textured Ca3Co4O9 ceramics compared to those prepared by the conventional solidstate method. Exceptionally, it was reported that Bi-and Na-substituted Ca3Co4O9 were capable of being fabricated with textured ceramics by the conventional solid-state method. In this study, we investigated the correlation between the effect of the rolling process and the orientation of the thermoelectric material with plate-like particles of Ca2.7Bi0.3Co4O9 in order to facilitate the easy fabrication of highly textured ceramics with plate-like particles of Bi-substituted Ca3Co4O9. The thermoelectric properties of sintered samples that were processed by conventional solid-state and rolling methods in the temperature range from 373 K to 973 K were characterized and compared.
Experimental

Powder preparation
Plate-like powder of Ca2.7Bi0.3Co4O9 was prepared by the conventional solid-state reaction method. CaCO3, Bi2O3 and Co3O4 powders as starting materials were weighed appropriately and mixed in polypropylene bottles with ethanol for 24 h, after which the mixture was dried for 12 h. The mixture powder was ground, calcined at 1173 K for 24 h in O2, re-ground and pressed into pellets, after which the pellets were calcined at 1193 K for 12 h in O2 once more. These calcined pellets were pulverized into fine powder.
Preparation of textured and polycrystalline sample
The powder obtained by solid-state reaction method was mixed with toluene, ethanol, polyvinylbutylal, dibutyl phthalate and soybean oil for 1 h and this slurry was dried for 4 h at room temperature to give a highly viscous gel. The slurry was rolled by twin rolls to obtain a sheet about 100-150 μm thick. The sheet was cut and stacked under a pressure of 100 kg·f/cm 2 at room temperature. The specimen was heated at 873 K for 2 h in air to remove any organic materials, and then sintered at 1233 K for 8 h in O2 (sample name: RC-CBCO). This process for the manufacture of a highly oriented specimen is shown schematically in Fig.  1 . A reference polycrystalline sample with random grain orientation was also prepared by conventional powder processing. The prepared, plate-like powder was pressed under a cold isostatic pressure of 250 MPa, and then the pellets were sintered at 1233 K for 8 h in O2. (sample name: C-CBCO). † Corresponding author: J. W. Park; E-mail: won8864@hanmail.com
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Evaluation of the prepared sample
The microstructures of the sintered samples were confirmed by scanning electron microscopy (SEM; JEOL Ltd., JSM-6380). The degrees of grain orientation of each sample were estimated by the Lotgering method, the results of which were consistent with the X-ray diffraction (XRD; Rigaku Co., D/max-2500 V/PC) results. Electrical conductivity was measured by the DC fourprobe method at 300-1000 K in air. The Seebeck coefficient, representing the thermoelectric property, was measured by the leastsquares method of the plot of ΔV (thermal electromotive force) versus ΔT (temperature difference), and the contribution of lead wires (Pt) was subtracted. The thermal conductivity was calculated from the equation k = Cpν d, where Cp, ν and d are the specific heat, thermal diffusivity measured by means of laser flash technique using (Netzsch LFA 457) at 300-1000 K and density, respectively. Figure 2 shows an image of the pulverized powder after calcination had been performed twice. Plate-like particles are clearly evident in the powder image. The calcination temperatures for the mixed powders of 1173 K and 1193 K were higher than the melting temperature of Bi2O3 (1086 K). This suggested that the liquid phase sintering and the plate-like particle formation resulted from the melting of Bi2O3 by high temperature calcination. For fabrication of a texture layer element by rolling, the starting material requires plate-like particles. Figure 3 shows the XRD pattern of the parallel (ac plane) and perpendicular (ab plane) surface to the stacking direction of the sintered Ca2.7Bi0.3Co4O9 pellet, which was processed by the rolling (referred to as RC-CBCO) and conventional ceramic preparation (referred to as C-CBCO) processes. The perpendicular surface to the stacking direction (ab plane) exhibited intense diffraction in the {001} planes but there were little diffraction in the other planes, while parallel surface to the stacking direction the (ac plane) exhibited almost no diffraction in the {001} planes. This result revealed the orientation in the c-axis direction. The degree of orientation in the prepared samples was estimated by the Lotgering method "f". 15 )
Results and discussion
where P0 = P for a randomly oriented ceramic specimen, and ΣI is the sum of the XRD peak intensities for the pressed plane. In the case of the C-CBCO sample, the degree of orientation was approximately F = 0.48. However, the degree of orientation of the RC-CBCO sample was over 0.84, which means the RC-CBCO has a highly oriented c-axis orientation. The SEM micrographs of the samples that were prepared with the conventional and rolling processes are shown in Fig. 4 . The highly oriented microstructure is clearly observed in both sides of the ab-and acplanes in the rolling process. These results confirmed that CBCO ceramics with a high orientation were obtained by the rolling process. In addition, compared with the microstructure of the specimen formed by the conventional process, relatively larger grains and a thicker standing layer were formed. The rolling process was capable of forming a thick film of high cohesion because of the pressure in the rolling process.
The temperature dependence of the electrical conductivity of the samples processed by the conventional and rolling methods is shown in Fig. 5 . The electrical conductivity increased with an increasing temperature, as previously reported.
9) The electrical conductivity in direction "a" was about 1.5-fold higher in the sample prepared by the rolling process (123.4 S/Cm) than in the conventionally sintered one (95.3 S/Cm) at 873 K. Fig. 1 . Schematic of the rolling process for the manufacture of the highly oriented sample. Fig. 2 . Image of the pulverized powder after calcinations had been performed twice. JCS-Japan Figure 6 shows the Seebeck coefficient of the samples processed by the conventional and rolling methods as a function of temperature. The Seebeck coefficient increased with an increasing temperature. However, in contrast with the electrical conductivity, the Seebeck coefficient values of each sample were almost the same (175 μV/K) at 873 K. Figure 7 shows the power factor of the samples processed by the conventional and rolling methods as a function of temperature. These results were nearly equal to those of the samples made by other processes. Figure 8 shows the temperature-dependent thermal conductivity of the samples processed by the conventional and rolling methods. The thermal conductivity slightly decreased with an increasing temperature, as reported in other research.
7) The difference of the thermal conductivity of the samples processed by the conventional and rolling methods was mainly caused by the orientation degree of the c-axis of the processing method. However, the highly textured specimen processed by the rolling method (2.10 W/mK) had a higher thermal conductivity than that 
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by the conventional method (1.84 W/mK) at 873 K. Figure 9 shows the ZT values (Z = figure of merit, T=temper-ature) of the samples processed by the conventional and rolling methods. The ZT values of the samples processed by the conventional and rolling methods at 873 K were 0.145 and 0.152, respectively, which were almost the same. This result was attributed to the high thermal conductivity of latter sample. However, the power factors (PF = σ α 2 ) were 305.9 μW/K 2 m and 368.3 μW/K 2 m, respectively. These results demonstrated the importance of the rolling process in elevating the electrical conductivity, power factor and, to a lesser extent, the ZT value. Therefore, this rolling process is a very powerful method to produce a plate-like particle orientation in a ceramic microstructure and will be useful in the mass production of thermoelectric elements in PIM.
Summary
Highly oriented, Bi-substituted Ca3Co4O9 (Ca2.7Bi0.3Co4O9) was obtained by using the rolling method and the thermoelectric properties were characterized. Morphological and XRD diffraction analyses revealed the high orientation and grain alignment of the samples.
The electrical conductivity (σ ), Seebeck coefficient (α), power factor (PF), thermal conductivity (k) and ZT value of the fabricated sample were 123.4 S/cm, 172 μV/K, 368.3 μW/K 2 m, 2.1 w/mK and 0.152, respectively, as shown in Table 1 . The electrical conductivity was about 1.5 times higher than that of the conventionally sintered sample.
This rolling process is a very powerful method to produce a plate-like particle orientation in a ceramic microstructure. It is very effective to prepare textured thermoelectric materials with plate-like particles. Fig. 9 . ZT values of Ca2.7Bi0.3Co4O9 samples processed by the conventional and rolling processes. 
